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Abstract
Fixation disparity or vergence noise produce instantaneous vergence errors. These errors are analogous to the imposition of a
pedestal disparity, which is known to elevate stereothresholds. In this study, stereothresholds were measured as a function of in-
duced vergence errors in subjects with normal binocular vision. Stereo half-images were viewed in the dark through a custom mirror
haploscope. Vergence constant error and vergence variability were induced by introducing horizontal disconjugate position oﬀsets in
a pair of moveable mirrors within the haploscope, resulting in forced vergence demands of 6D base-in to 12D base-out. In addition,
vergence variability was simulated by producing oscillatory disconjugate retinal image motion via motion of the moveable mirrors.
The motion of the mirrors was either sinusoidal (frequency ¼ 2–6 Hz) or random, with peak-to-peak amplitudes of 0–0.5 per eye.
Stereopsis worsened systematically with induced or simulated VV that exceeded 1.50 disparity. The results were similar regardless
of whether the vergence error was induced by forced vergence or was simulated by periodic or random disconjugate retinal image
motion. Stereothresholds were invariant with the frequency of disconjugate oscillation, within the range of frequencies and am-
plitudes tested. Hence, the simulated vergence velocity is not the essential factor that limits stereopsis within Panums fusional area.
The results indicate that the stereothreshold is elevated if the vergence error exceeds a critical value.
 2002 Elsevier Science Ltd. All rights reserved.
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It is well established that horizontal disparities be-
tween the images presented to the two eyes induce a
compelling sensation of depth (Wheatstone, 1838). The
lateral separation of the two frontally located eyes al-
lows slightly disparate views of an object and provides
the geometrical basis for the phenomenon of stereo-
scopic depth perception. The fusion of disparate images
is not a pre-requisite for stereopsis; but is required for
ﬁne stereopsis (Ogle, 1952; Wright, 1951). The threshold
for discriminating the relative disparity between two
targets increases as the targets are moved farther away
from the horopter, i.e., as the pedestal disparity in-
creases. The increase in stereothreshold is essentially
equivalent for crossed and uncrossed pedestal disparities
and has been reported to occur for fused (Krekling,
1974; McKee, Levi, & Bowne, 1990) and diplopic line
targets (Blakemore, 1970; Ogle, 1953; Westheimer &
Tanzman, 1956), as well as for diplopic spatially ﬁltered,
narrow-band targets (Badcock & Schor, 1985; Siderov &
Harwerth, 1993).
Even with the best attempt to ﬁxate, the eyes are
never stationary. The involuntary movements of the two
eyes during ﬁxation are partially uncorrelated (Kra-
uskopf, Cornsweet, & Riggs, 1960; St. Cyr & Fender,
1969), thereby causing the visual axes to intersect
slightly in front of or behind the object of regard. Two
kinds of vergence error can be deﬁned: (1) a constant
bias or oﬀset between the intersection of the visual axes
and the ﬁxation target and (2) the variability (SD) of
vergence eye positions over a speciﬁed time interval.
Constant and variable horizontal vergence errors ob-
tained in normal observers under optimal conditions are
typically <100, and can be as low as 20 (Krauskopf et al.,
1960; Ogle, Mussey, & Prangen, 1949; Ogle, Martens, &
Dyer, 1967; Riggs & Niehl, 1960; van Rijn, van der
Steen, & Collewijn, 1994). Vergence errors are larger
when the head is not restrained, and instantaneous er-
rors up to one or two degrees have been reported during
natural head movement (Steinman & Collewijn, 1980;
Steinman, Cushman, & Martins, 1982). The failure of
the visual axes to intersect at the object of regard implies
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that a pedestal disparity exists. A logical conclusion is
that the sensitivity of the visual system to stereoscopic
depth should be impaired by constant and perhaps
variable errors of vergence alignment.
Westheimer (1979) noted that the neural mechanisms
that diﬀerentiate horizontal image disparities are robust
to many factors, including conjugate retinal image
movement. Although stereothresholds are unaﬀected by
lateral image motion in the two eyes up to at least 2.5/s,
these thresholds are elevated substantially by lower
velocities of motion in depth, which change the absolute
retinal image disparity (Westheimer & McKee, 1978).
On the other hand, Shortess and Krauskopf (1961)
found that stereothresholds were virtually the same
under normal and stabilized-image viewing conditions.
They concluded that spontaneous miniature ﬁxational
eye movements neither beneﬁt nor degrade stereopsis.
It has been argued that even large horizontal vergence
errors during head movements play no role in stereopsis
(Collewijn, Steinman, Erkelens, & Regan, 1991; Patter-
son & Fox, 1984; Steinman, Levinson, Collewijn, & van
der Steen, 1985). Erkelens and Collewijn (1985a,b) re-
ported that the perception of depth from retinal image
disparity is independent of vergence errors; however, the
disparity presented in their random-dot stimulus was
substantially larger than the stereothreshold. Additional
data have been interpreted to suggest that vergence errors
during steady ﬁxation and during head motion and
changes of gaze do not perturb stereopsis (Collewijn
et al., 1991; Patterson&Fox, 1984; Steinman et al., 1985).
For example, Steinman et al. (1985) reported the occur-
rence of vergence errors as large as 2.5 and vergence
velocities as much as 8/s during vigorous head oscilla-
tions without disrupting fusion or impairing stereoacuity.
These ﬁndings are surprising. Ordinarily, head move-
ments are counteracted by compensatory eye movements:
the vestibulo-ocular reﬂex and optokinetic nystagmus,
supplemented by smooth pursuit. The compensation for
head movements is neither perfect nor equal in the two
eyes, which is why ﬁxation and vergence manifest larger
errors during head movements than when the head is
restrained (Skavenski, Hansen, Steinman, & Winter-
son, 1979; Steinman & Collewijn, 1980; Steinman et al.,
1982). These errors would be expected to degrade ste-
reopsis, if vergence error is a limiting factor. However,
Steinman, Collewijn and co-workers (Collewijn et al.,
1991; Steinman et al., 1985) concluded that relative
horizontal disparity alone determines stereothresholds
and that a shift in vergence posture, which alters the
absolute retinal disparities across the entire visual ﬁeld,
does not degrade stereopsis.
It is obvious that the inﬂuence of vergence errors on
stereoacuity has not been characterized adequately. Al-
though stereoacuity does not depend directly on the
processing of eye position information, it is reasonable
to expect that if the mechanisms that control vergence
are impaired, stereoacuity also will be impaired. The aim
of the present study was to determine the inﬂuence of
induced and simulated vergence errors on stereoacuity,
and thus address the fundamental issue of how stereo-
thresholds of 1000 or ﬁner are achieved in conjunction
with a vergence system that allows errors of at least
12000.
1. Materials and methods
1.1. Observers
Twelve adults with corrected visual acuities of 20/20
or better in each eye, normal ocular motility, and no
diplopia or subjective complaints of binocular discom-
fort were recruited to serve as subjects. One subject (S5)
had diﬃculty maintaining fusion under some of the
vergence conditions in experiment 1 and was discon-
tinued from the study. Except for author HB (S6), all of
the remaining 11 subjects were students or graduate
students at the University of Houston, College of Op-
tometry. The subjects spherical equivalent refractive
errors ranged from þ0.25 to )4.75 (median ¼ plano),
and their dissociated phorias ranged from ortho to 13D
exo (median ¼ 1:75D exo). Subject S9, who had the
largest dissociated phoria, was discovered to have a
prior history of binocular vision training after the ex-
periments were completed. All but two of the subjects
(S1 and S6) were naive as to the speciﬁc hypotheses of
the study. Each subject granted informed voluntary
consent before participation, in accordance with federal
and University guidelines. Because stereoacuity im-
proves with practice (Fendick & Westheimer, 1983;
Wittenberg, Brock, & Folsom, 1969), the subjects un-
derwent practice sessions (minimum ¼ 3 sessions) with
stereo-tests prior to the actual experiments, until no
further improvement in threshold was observed.
1.2. Instrumentation
A modiﬁed Wheatstone mirror haploscope with a
scanning mirror incorporated into each eyes channel
was employed in this study (Ukwade & Bedell, 1999).
The scanning mirrors were mounted on a pair of model
G325D galvanometers, controlled by CCX-650 scanner
controllers (General Scanning, Inc., Watertown, MA).
The position of the mirrors was determined by the
voltage inputs to the scanner controllers, provided by a
pair of 12-bit D/A channels (Scientiﬁc Solutions, Solon,
OH) housed in an IBM-compatible computer system.
The galvanometer-mounted mirrors followed temporal
frequencies up to 8 Hz without attenuation. Test stimuli
were presented on a Hewlett Packard 1311B display
oscilloscope at a refresh rate of 240 Hz, driven by a
Hewlett Packard 1351A graphics generator.
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1.3. Procedures
All experiments were performed in darkness to
eliminate background disparities and minimize the role
of peripheral cues or other frames of reference for ver-
gence. Stimuli were presented at a distance of 3.95 m
and remained visible until the subject responded. When
fused, the test stimulus consisted of two 300 long by 0.20
wide (nominally) vertical lines. The luminance of each
line was 29.8 cd/m2 when viewed through polarizing
ﬁlters on the face of the oscilloscope and in each channel
of the mirror haploscope. A computer program deter-
mined the order of test conditions, tabulated the results
and recorded them for oﬀ-line analysis. Generally, there
were three replications per experimental condition.
Thresholds were averaged by condition within and
across subjects.
For the purpose of clarity, the following terms are
applied in presenting and discussing the results. Vergence
error is used collectively to describe any static or dynamic
deviation of the vergence position from the intended
ﬁxation plane. The average angular deviation of the lines
of sight from the intended ﬁxation plane will be referred
to as the vergence constant error, or ﬁxation disparity
(FD). Fluctuations of vergence are quantiﬁed in terms of
the standard deviation (SD) of vergence position over a
period of time, and are called vergence variability.
1.4. Assessment of stereoscopic thresholds
Because stereopsis is best for lines separated by 50–100
(Hirsch & Weymouth, 1948; Ukwade & Bedell, 1999;
Westheimer & McKee, 1980), the two lines that com-
prised the fused stereo-stimulus were presented one
above the other, with a vertical separation of 50. The
stimulus was presented several times in random order
with 0, 1D, 2D and 3D arc sec crossed and un-
crossed horizontal disparities, where D was 11.500 or a
multiple of this value. From presentation to presenta-
tion, the lateral position of the lower line seen by each
eye was oﬀset with respect to the upper line to minimize
monocular alignment cues. The amount of lateral posi-
tion oﬀset was randomly selected from 0, 1/3, 2/3 or
1 times the disparity that was presented on each trial,
and was always equal in magnitude and direction in the
two eyes. The subjects task was to indicate with a joy-
stick if the lower line appeared closer or farther than the
top line. Both lines disappeared from the screen after
each response, and reappeared when the subject initiated
the next trial. There was no feedback with respect to
correct or incorrect responses. Data were collected using
the method of constant stimuli and used to construct a
psychometric function, from which the stereothreshold
was determined by probit analysis as the change in ret-
inal image disparity required to increase the percentage
of ‘‘nearer’’ (or ‘‘farther’’) responses from 50% to 84%.
1.5. Assessment of vergence errors
Vergence constant error (FD) was assessed subjec-
tively using two vertical Nonius lines, 300 long and 0.20
wide. The luminance of each line was 29.8 cd/m2 when
viewed through a pair of polarizing ﬁlters. To promote
fusion, a 1 1:25 bright rectangle surrounded the
Nonius lines on each trial. Otherwise, the ﬁeld was de-
void of fusion cues and testing conditions were identical
to those during the evaluation of stereothresholds. On
each trial, the subject indicated whether the upper No-
nius line, seen by the right eye, was left or right of the
bottom line that was seen by the left eye. Subjects were
instructed to base their judgments on the average
alignment of the two Nonius lines, if the lines appeared
to shift with respect to one another during the trial. As
for the measurement of stereoacuity, there was no
feedback for correct or incorrect responses. Probit
analysis was used to ﬁt a psychometric function to the
responses collected for each set of 70 trials, presented
according to the method of constant stimuli. The con-
stant error of the ﬁtted psychometric function provided
an estimate of the FD, and the inverse slope of the
function yielded a measure of vergence variability. Pilot
data revealed no signiﬁcant diﬀerence in the FD or
vergence variability obtained with 50 and 400 inter-line
separations (tfdf¼7g ¼ 0:34, p ¼ 0:74 and tfdf¼7g ¼ 	0:15,
p ¼ 0:89 respectively; see also Ukwade, 2000). Conse-
quently, 100 was adopted as the standard separation for
all FD testing in the main experiments. Vergence con-
stant error was assessed for vergence demands of 6D BI
to 12D BO in 3D steps, produced by opposite rotations
of the galvanometer-mounted mirrors in the two hap-
loscope channels. The resulting estimates of FD are
referred to as ‘‘static’’ vergence constant errors, each
of which is accompanied by an associated estimate of
vergence variability. In addition, vergence variability
was simulated about a mean demand of 0D by oscillating
the galvanometer-mounted mirrors in the two channels
of the haploscope in opposite directions. The simulation
of vergence variability was produced by disconjugate
sinusoidal oscillations in experiment 2 and by random
disconjugate oscillations in experiment 3.
Some authors have questioned whether vergence
misalignments can be measured accurately using Nonius
lines (e.g., Erkelens & van Ee, 1997; Fogt & Jones, 1998;
Kertesz & Lee, 1987; Shimono, Ono, Saida, & Mapp,
1998). For example, Shimono et al. (1998) demonstrated
that the perceived misalignment between two pairs of
Nonius lines varied according to the relative disparity
between two stereoscopic surfaces onto which these lines
were superimposed. Erkelens and van Ee (1997) re-
ported that the perceived displacement of a monocular
Nonius line substantially underestimated the magnitude
of objectively measured eye-alignment errors during the
oscillation in depth of a large ﬁeld of random dots. They
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attributed this phenomenon to what they termed ‘‘bin-
ocular capture,’’ a tendency to perceive a monocular
target in the same visual direction as a nearby fused
binocular target. Erkelens and van Ee (1997) reported
further that the magnitude of binocular capture de-
creased as the lateral separation between the monocular
Nonius lines and the fused binocular stereogram is in-
creased, up to a separation of at least 8 deg. Shimono
et al. (1998) observed smaller magnitudes of binocular
capture, which occurred for a much smaller range of
separations between the monocular Nonius lines and the
stationary random-dot stereograms in their experiments.
An inﬂuence on the perceived location of a monocular
Nonius line by a pair of small binocular probe stimuli
was reported also by van Ee, Banks, and Backus (1999),
but the inﬂuence of the binocular stimuli was reduced
substantially at a lateral separation of 150–300.
The Nonius lines used in our experiments were 300
from the edges of the binocular fusion stimulus which,
according to the results presented by van Ee et al. (1999)
should not favor the occurrence of binocular capture.
If binocular capture impacted signiﬁcantly upon our
measurements of FD and vergence variability, then we
would expect that the measured values would be smaller
when the Nonius lines were adjacent to the binocular
fusion target and would increase with lateral separation.
However, using a set up and procedures that were very
similar to those in the current study, Ukwade (2000)
found no systematic variation in the estimated magni-
tudes of vergence constant error or vergence variability
with Nonius lines that were separated from a paracen-
tral binocular fusion target by from 00 to 400. Based on
this result, we conclude that the estimates of FD made
with the Nonius targets in our experiment are likely to
be relatively accurate. Our estimates of vergence vari-
ability, on the other hand, could be reduced by temporal
averaging across the duration of the Nonius lines on
each trial. However, even if our psychophysical tech-
nique underestimates the actual magnitudes of vergence
variability (or FD), the values that we obtained would
be expected to vary monotonically with the actual
magnitudes of these vergence errors.
1.6. Experiment 1: eﬀects of vergence errors during
forced vergence
Eight subjects (S1–S3, S7–S11) participated in ex-
periment 1, in which the eﬀect of forced vergence was
assessed on stereopsis. The separation between the left-
and right-eye stereo half-views was set equal to the
subjects inter-pupillary distance, in order to ﬁx the
baseline vergence demand at zero. Forced vergence de-
mands in the base-in (BI) and base-out (BO) directions
were introduced by varying the static position of the
galvanometer-mounted haploscope mirrors. The ver-
gence demand was alternated between sets of trials be-
tween BI, BO, and zero. Although the trials at a
single vergence demand required 5 min to complete,
the fusional stimulus disappeared between trials, which
should have allowed the eyes to drift toward the dark
vergence position. This intermittent stimulation of fu-
sional vergence is analogous to the ‘‘ﬂashing (or cover-
uncover) technique’’ that is employed commonly to
prevent suppression and minimize vergence adaptation
during the clinical measurement of FD (Cooper, 1992;
Sethi, 1986).
1.7. Experiment 2: eﬀects of simulated vergence errors
from periodic disconjugate image motion
Four subjects (S1, S4, S11, S12), two of whom par-
ticipated in experiment 1, took part in this experiment,
in which the visual consequences of VV were simulated
by producing disconjugate retinal image motion in the
two eyes. For comparison, stereothresholds were deter-
mined also during conjugate retinal image motion in the
two eyes. The stimulus conﬁguration for measuring
stereothresholds and the psychophysical methods were
the same as in experiment 1. Speciﬁcally, as in experi-
ment 1, the stimulus lines were presented in darkness
and remained visible on each trial until the subject re-
sponded. Disconjugate or conjugate motion of the
stimulus was introduced by sinusoidally oscillating the
galvanometer-mounted mirrors in the haploscope at
frequencies of 2, 4, or 6 Hz, with peak-to-peak motion
amplitudes of 0.0313–0.5 per eye. These mirror oscil-
lations yielded image motion with various velocities that
was either 180 out of phase, to simulate the retinal
image motion during vergence eye movements, or in
phase, to simulate the retinal image motion during
conjugate eye movements. The dynamic nature of the
induced vergence noise was expected to preclude ver-
gence adaptation. Because the mean vergence demand
was ﬁxed at zero and vergence tracking was essentially
absent at the selected frequencies of motion (Krishnan,
Phillips, & Stark, 1973; Rashbass & Westheimer, 1961),
varying the amplitude of disconjugate mirror motion
allowed the eﬀects of simulated vergence variability to
be examined systematically.
The amplitude, frequency, and phase (disconjugate vs.
conjugate) of mirror motion varied randomly between
sessions. If the primary determinant of the stereothresh-
old were the velocity of the disconjugate retinal image
motion during simulated VV, then similar thresholds
should be obtained whenever the amplitude x frequency
of disconjugate mirror motion has a constant value.
1.8. Experiment 3: eﬀects of simulated vergence error
from random disconjugate image motion
This experiment, which included ﬁve subjects (S1,
S4, S6, S11, S12), was designed to assess further how
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simulated vergence variability aﬀects stereothreshold.
The stimulus and psychophysical procedures were the
same as in experiments 1 and 2, above. Random dis-
conjugate image jitter was created by independently
moving the positions of the two galvanometer-mounted
haploscope mirrors. This method minimized the pre-
dictability of target motion to ensure that vergence
tracking was impossible. The positions of both mirrors
were updated every 60 ms, at which time each had an
equal probability of taking any position within a se-
lected jitter range. From session to session, the jitter
range in each haploscope channel varied between 00
and 200, producing a SD of image positions from 0 to
5.60 per eye. As the position of each mirror was jit-
tered independently, the SD of simulated vergence
variability ranged from 0 to 7.8 (i.e., SQRT½2  5:6)0.
Because independent jitter of the positions of both
mirrors produces conjugate as well as disconjugate
motion of the retinal images, stereothresholds were
measured also in two subjects (S6 and S11) during
purely conjugate jitter of the two haploscope mirrors.
In this condition, the resulting retinal image motion
was random, but identical in the two eyes. In both the
disconjugate and conjugate jitter conditions, subjects
were instructed to ﬁxate at the time-averaged position
of the two stimulus lines.
2. Results
2.1. The eﬀect of forced vergence on stereopsis
Vergence constant error, as assessed by the FD, and
vergence variability for each of eight subjects are plotted
in Fig. 1, as a function of the vergence demand. The FD
plots vary idiosyncratically, but can be characterized
according to the diﬀerent types identiﬁed by Ogle et al.
(1967). Fig. 1 shows that, within the range of vergence
demands tested, FD and vergence variability both gen-
erally increase from the values measured with zero ver-
gence demand. Across subjects, FD increases either in
the convergent (S7, S9 and S11), the divergent (S1, S8
and S10), or both directions (S2 and S3). Both within
and across subjects, the paired values of vergence con-
stant error (FD) and vergence variability are correlated
substantially (r ¼ 0:71; p < 0:01; Fig. 2). Compared to
their correlation with one another, the correlations of
FD and vergence variability with vergence demand are
smaller (for FD and vergence demand, r ¼ 0:33, p <
0:05; for vergence variability and vergence demand, r ¼
0:22, p ¼ 0:12).
Stereothreshold is plotted as a function of the ver-
gence demand in Fig. 3. Most subjects stereothresholds
increase with forced vergence in either the BI direction,
the BO direction, or both directions. However, because
the plots are idiosyncratic across subjects, a low and
insigniﬁcant correlation exists in the group data between
stereothreshold and the vergence demand (r ¼ 0:18,
p ¼ 0:25). A comparison of Figs. 1 and 3 indicates that,
for most of the subjects, the change in stereothreshold
with vergence demand is similar in trend to the changes
in the absolute value of FD and/or the amount of ver-
gence variability.
Plots of the stereothreshold as a function of vergence
constant error and vergence variability are presented for
individual subjects in Fig. 4. For six of the eight sub-
jects, stereothresholds increase with increasing vergence
constant error and vergence variability. When all eight
subjects are considered, the median correlation coeﬃ-
cients are 0.79 (stereothreshold vs. vergence constant
error) and 0.70 (stereothreshold vs. vergence variability).
2.2. The eﬀect of disconjugate and conjugate sinusoidal
image motion on stereopsis
In experiment 2, all four subjects reported diplopia
when the peak-to-peak amplitude of sinusoidal discon-
jugate motion was 0.25 (150) or more per eye. However,
in agreement with previous reports (Erkelens & Colle-
wijn, 1985a,b; Regan, Erkelens, & Collewijn, 1986),
none of the subjects noticed that the targets were mov-
ing in depth when disconjugate image motion was im-
posed. As expected, subjects did not report diplopia
during conjugate motion of the stimuli. However, some
subjects detected image smear when the amplitude of
conjugate motion was 0.5 at 4 Hz, and when the am-
plitude of conjugate motion was 0.25 or 0.5 at 6 Hz.
Fig. 5 compares stereothresholds for disconjugate and
conjugate motion of the haploscope mirrors as a func-
tion of the amplitude of motion, for three frequencies of
oscillation. An analysis of variance revealed no signiﬁ-
cant eﬀect on stereothreshold of the amplitude of con-
jugate motion (Ffdf¼3;36g ¼ 0:19, p ¼ 0:90). On the other
hand, stereothresholds increased signiﬁcantly when the
amplitude of disconjugate motion increased beyond
0.0625 per eye, (Ffdf¼4;45g ¼ 61:99, p < 0:01 and subse-
quent post hoc t-tests). No signiﬁcant change in ste-
reothreshold occurred with oscillation frequency, for
any of the tested amplitudes of disconjugate (Ffdf¼2;45g ¼
1:87, p ¼ 0:17) or conjugate motion (Ffdf¼2;36g ¼ 1:33,
p ¼ 0:28). 1 Consequently, although stereothresholds
vary according to the amplitude of the imposed discon-
jugate image motion, changes in the velocity of the ret-
inal image motion exert no eﬀect on the stereothreshold.
The absence of a signiﬁcant interaction between the
frequency and amplitude of disconjugate image motion
1 Smaller elevations of the stereothreshold than those shown in Fig.
5 were obtained in preliminary experiments when the frequency of
disconjugate mirror motion was 1 Hz or less, presumably because a
portion of the disconjugate stimulus motion was compensated by
vergence eye movements.
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(Ffdf¼8;45g ¼ 0:79, p ¼ 0:62), also conﬁrms that the ele-
vation of stereothresholds is not contingent on the dis-
conjugate image velocity, at least for the range of
velocities examined here.
Fig. 1. Vergence constant error (FD, unﬁlled squares and left vertical axis) and vergence variability (unﬁlled triangles and right vertical axis) as a
function of the forced vergence demand. BI and BO demands are denoted as minus and plus values on the x axis, respectively. These vergence
demands were induced by disconjugate steady state oﬀsets of the galvanometer-mounted mirrors in the haploscope. Each panel presents data for an
individual subject.
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2.3. The eﬀect of disconjugate and conjugate random
motion on stereopsis
Fig. 5 shows also that the stereothresholds measured
during disconjugate and conjugate random jitter change
in parallel with those obtained during sinusoidal motion
of the haploscope mirrors. Speciﬁcally, stereothresholds
are elevated when the amplitude of binocularly uncor-
related random motion exceeds 0.05 per eye, but not
when the images are subjected to similar amplitudes of
motion that are conjugate in the two eyes. The increase
in stereothresholds with the amplitude of disconjugate
random motion is statistically signiﬁcant (Ffdf¼4;45g ¼
20:89, p < 0:01). However, the amount of threshold el-
evation during disconjugate random motion is slightly
but consistently less than that during disconjugate si-
nusoidal motion.
2.4. Comparisons of stereothresholds across experiments
2 and 3
Fig. 6 compares the average stereothresholds obtained
with three temporal frequencies of disconjugate sinusoi-
dal image motion (from experiment 2) to those obtained
with uncorrelated random jitter in the two eyes (from
experiment 3). The amplitudes of disconjugate motion
used in the two experiments are now re-scaled in terms of
the SD of the simulated vergence variability. The data
from both experiments reveal a highly similar, systematic
elevation of stereothresholds from <1000 to 5000 as the
simulated vergence variability increases. However, little
or no elevation of stereothresholds occurs until the SD of
simulated vergence variability exceeds 1.50.
3. Discussion
3.1. Stereothresholds in the presence of target motion and
vergence error
Previously, Westheimer and McKee (1978) reported
that conjugate motion of the retinal images, up to the
maximum velocity in their study of 2.5 deg/s, produced
little or no elevation of stereothresholds. The data from
our second experiment conﬁrm this result and extend it
to conjugate sinusoidal motion with mean retinal image
velocities up to 6 deg/s (peak-to-peak motion ampli-
tude of 0.5 at a frequency of 6 Hz). Morgan and Castet
(1995) reported that stereothresholds for low spatial
frequency grating stimuli are unaﬀected by lateral image
motion up to a temporal frequency of 20–30 Hz, sug-
gesting that these thresholds are limited by the temporal
contrast sensitivity of disparity sensitive neurons. If
these ﬁndings can be extrapolated to spatial frequencies
on the order of 3–4 c/deg, at which the stereothresholds
for sinusoidal grating targets have been shown to be-
come asymptotically low (Legge & Gu, 1989; Schor &
Wood, 1983), then no eﬀect of conjugate retinal image
motion on stereoacuity would be expected for velocities
up to 7 deg/s (i.e., 25 Hz/3.5 c/deg).
Unlike lateral image motion, Westheimer and
McKee (1978) showed that stereoacuity is substantially
less tolerant of motion in depth. Moreover, their data
show that the velocity of disconjugate image motion at
which stereothresholds become elevated depends on the
duration of motion. Speciﬁcally, stereothresholds begin
to rise at a velocity of disconjugate image motion that
is approximately twice as fast for a stimulus duration
of 90 ms than for a duration of 190 ms. When West-
heimer and McKee (1978) replotted their data in terms
of the distance that the targets travel in depth, the in-
crease in stereothreshold was comparable for both of
these stimulus durations. Consequently, one may con-
clude that the crucial factor for the elevation of stere-
othresholds by disconjugate image motion is either the
distance that the targets travel in depth or some cor-
relate of this distance (see below), rather than the ve-
locity of disconjugate motion or the duration of the
stimulus.
This conclusion that stereothresholds do not depend
critically on the velocity of disconjugate image motion is
conﬁrmed by our results, which show that stereothres-
holds vary with the amplitude but not the temporal
frequency of imposed sinusoidal motion. Westheimer
and McKee (1978) concluded that motion in depth is
tolerated by the mechanisms that subserve stereopsis, as
long as the targets do not move outside of a disparity
Fig. 2. Estimated vergence variability as a function of vergence con-
stant error (FD) under various conditions of vergence demand for the
eight subjects in experiment 1. Estimates of vergence variability and
FD were obtained using Nonius lines with an inter-element separation
of 50, presented for an unlimited viewing duration.
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zone within which stereoacuity is optimal. Their data
indicate that best stereoacuity is achieved if the total
excursion of the targets in depth is less than approxi-
mately 100, corresponding to a zone 50 on either side of
the ﬁxation plane. Earlier, Regan and Beverley (1973)
reported that stereoscopic thresholds remained invariant
for stimuli that move in depth with a temporal fre-
quency of 1 Hz or more between 50 of the ﬁxation
plane. Our results indicate that sinusoidal or random
disconjugate image motion produce little or no degra-
Fig. 3. Stereothresholds as a function of vergence demand. BI and BO demands are denoted by minus and plus values, respectively, on the x axis.
Each panel presents the data for an individual subject.
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dation of stereothresholds as long as the peak-to-peak
amplitude of motion is less than approximately 0.063
per eye (c.f., Fig. 5). This amplitude of motion corre-
sponds to a disparity zone that extends 3.80 in front
and behind the plane of ﬁxation, in good agreement with
the previous studies.
Fig. 4. Stereothresholds as a function of the vergence constant error (VCE, or FD) and vergence variability (VV) for individual subjects. As later
revealed, subject S9 had a history of binocular vision training. Estimates of the FD and vergence variability were obtained using Nonius lines with an
inter-element separation of 50, except for subject S2 for whom the inter-element separation was 400.
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The results of our ﬁrst experiment show that stere-
othresholds vary more systematically with the magnitude
of vergence constant error (FD) and vergence variability
than with the magnitude of the forced vergence demand,
per se. Speciﬁcally, stereothresholds are elevated by as
much as 2.5-fold by either the presence of FD (irrespec-
tive of whether it is in the eso or exo direction) and/or the
associated increase in vergence variability. These results
are consistentwith those ofCole andBoisvert (1974), who
reported that stereothresholds rise systematically with an
increase in the FD, and with those of Saladin (1995), who
found that stereoacuity correlated better with FD than
with heterophoria. Further, our results point to the con-
clusion that stereoacuity should be optimal for the ver-
gence demand or prism value that yields the smallest
vergence constant error and vergence variability. Clini-
cally, this should correspond to the prism value that
neutralizes a subjects associated phoria for the distance
at which the stereotargets are presented. Previously,
Jenkins, Abd-Manan, and Pardhan (1995) concluded
that binocular visual acuity improves when subjects
associated heterophorias are corrected with prisms.
The failure of the subjects in this study to report
diplopia until the peak-to-peak amplitude of disconju-
gate motion is 0.25 (150) or more is in reasonable
agreement with previous reports in the literature that the
diplopia threshold for line targets is0.25–0.3 (Duwaer
& van den Brink, 1981; Ogle, 1952; Schor & Tyler, 1981).
3.2. Stereothresholds during voluntary head movements
vs. simulated vergence variability
The results of our study are at odds with those of
Steinman et al. (1985) who reported that vergence errors
as large as 0.5–1 occur during voluntary oscillatory
movements of the head without perturbing stereopsis or
producing the perception of diplopia. In our experi-
ments 2 and 3, the visual consequences of vergence er-
rors were simulated by introducing rapid disconjugate
motion of the images presented while the two eyes re-
mained approximately stationary. The oscillating mir-
rors used to produce disconjugate image motion ensured
that simulated vergence variability changed smoothly
and repeatably both within and between trials. In con-
trast, the ﬂuctuations of vergence recorded by Steinman
et al. (1985) during head oscillation are less uniform,
and include intervals of minimal vergence change that
extend for as long as 200 ms. In addition, because no
head movement or vestibular stimulation took place in
the current study, extra-retinal signals of eye and/or
head movement did not occur.
Additional diﬀerences between the current study and
that of Steinman et al. (1985) (see also Collewijn et al.,
1991) are in the stimulus. Our stereotarget consisted of
lines that were 300 long and 0.20 wide, presented against a
Fig. 5. Stereothresholds as a function of the amplitude of disconjugate
(dotted lines and unﬁlled circles) and conjugate (solid lines and ﬁlled
circles) sinusoidal motion for three temporal frequencies. The data for
each condition are averaged across four subjects . Also plotted are the
average stereothresholds for diﬀerent amplitudes of random discon-
jugate (N ¼ 5; unﬁlled squares) and conjugate (N ¼ 2; ﬁlled squares)
jitter. Error bars represent 1 SD. Because of the log scale, zero am-
plitudes of disconjugate and conjugate motion are plotted at a value of
0.01 on the abscissa.
Fig. 6. Average stereothresholds replotted as a function of the simu-
lated vergence variability expressed as a SD, for sinusoidal (n ¼ 4) and
random (n ¼ 5) disconjugate motion. A SD of zero is plotted at 0.1 on
the x axis, to accommodate the log scale. Error bars represent 1 SD,
across subjects. The solid line is the best ﬁtting curve, using Eq. (2) in
the text. The slope of the rising portion of the curve, for SDs greater
than 1.50, is 0.66.
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completely dark background. Steinman et al. (1985) used
vertical bars that were 11.1 high and 0.44 wide, viewed
against an 11.1 by 17.5 textured background ﬁeld. As
noted above, the subjects in the current study uniformly
reported diplopia when the simulated vergence errors
exceeded 100, whereas the subjects in the study by
Steinman et al. did not report diplopia even when the
measured vergence error was transiently as great as 1.
However, the larger bars in the study by Steinman et al.
may have provided a non-optimal stimulus for fusion, as
the diameter of Panums area is wider for large compared
to small targets (Kertesz, 1981; Schor & Tyler, 1981;
Schor, Wood, & Ogawa, 1984). In addition, the back-
ground ﬁeld used by Steinman et al. (1985) provided
vertical disparity information, which has been implicated
along with eye position information in the accurate per-
ception of suprathreshold stereoscopic depth (e.g.,
Bradshaw, Glennerster, & Rogers, 1996; Erkelens & van
Ee, 1998). It is therefore possible (although as yet un-
supported by empirical studies) that vertical disparity
information in the more extended stimuli used by Stein-
man et al. allowed the visual system to determine the
horizontal pedestal disparities that were introduced by
inaccurate vergence, and discount these pedestal dispar-
ities when stereoacuity thresholds were determined. Fi-
nally, the stereotargets used by Steinman et al. (1985)
spanned a much larger range of retinal image disparities
than those in the current study, and the subjects psy-
chophysical responses were pooled across frequencies of
head motion from 0.33 to 1.33 Hz. Very large retinal
image disparities are not ideally suited to detect the
modest increases in stereothreshold that were found here
during imposed disconjugate image motion. In addition,
by pooling psychophysical responses across head-move-
ment conditions that produce small as well as large ver-
gence errors, the deleterious eﬀect on stereopsis of the
largest vergence errors during high-frequency head os-
cillations could have been diluted. Using the same targets
and the restricted range of retinal image disparities that
are described in this study, we documented an elevation
of stereothresholds from 1000–1500 during 1.5 Hz vol-
untary headmovements (Bedell, Tsang, &Ukwade, 1998;
Tsang, Ukwade, & Bedell, 1997).
3.3. Vergence noise and stereopsis
Fig. 6, above, indicates that stereothresholds are ele-
vated by imposed disconjugate image motion only if the
SD of the resulting retinal image disparities is greater
than 1.50. One way to interpret this result is that ste-
reothresholds in our experiments are limited by the
combination of two sources of noise: (1) internal noise,
which is assumed to reﬂect primarily the neural noise
involved in extracting binocular relative disparity signals,
and (2) external absolute disparity noise introduced by
disconjugate motion of the retinal images. Under this
interpretation, an increase in stereothreshold occurs
when the inﬂuence of the external absolute disparity
noise on threshold exceeds the intrinsic noise of the visual
system. To estimate the value of the intrinsic noise (Ei,
expressed as a SD), we can use the following formula:
Th ¼ ðk½E2i þ E2e 1=2Þn ð1Þ
Here, Th is the measured stereoscopic threshold, k is a
constant, and Ee is the SD of the externally imposed
noise. Although we assume that the external noise, Ee,
and the internal noise, Ei, are independent, we do not
assume that these two sources of noise sum directly at a
common neural site. Consequently, Eq. (1) diﬀers from
the conventional form used by Levi and Klein (1990),
and others (e.g., Watt & Hess, 1987), by the addition of
the exponent, n, which governs the rate of change of
stereothresholds under the condition that Ee  Ei.
Based on the rising portion of the curves in the double
logarithmic coordinates of Fig. 6, intrinsic relative-dis-
parity noise and external absolute-disparity noise do not
sum linearly to elevate stereothresholds. Rather, the
slope of the line that best ﬁts the rising portion of the
curve implies that stereothresholds increase with abso-
lute-disparity noise according to a power function with
an exponent (n) of 0.66.
When Ee  0, then the value of Th corresponds to the
minimum stereothreshold, Th0. Under this condition,
Eq. (1) simpliﬁes to Th0 ¼ ðkEiÞn. By solving for k,
substituting back into Eq. (1) and rearranging terms, we
obtain:
Th ¼ ðTh0Þð1þ ½E2e=E2i Þn=2 ð2Þ
or
Ei ¼ Ee=ð½Th=Th02=n 	 1Þ1=2 ð3Þ
Using the stereothresholds from experiments 2 and 3
along with the SDs of the associated external absolute-
disparity noise, Ee, we applied Eq. (3) to calculate esti-
mates of the internal noise, Ei, for the two subjects (S1
and S11) who participated in all 3 experiments. The
resulting estimates of Ei were averaged within and be-
tween these two subjects in each experiment and are
listed in Table 1. The tabulated values range from 1.10 to
1.70, which are similar to values in the literature for the
SD of vergence eye positions when the head remains
stationary during ﬁxation (Krauskopf et al., 1960;
McKee & Levi, 1987; Riggs & Niehl, 1960; van Rijn
et al., 1994). We interpret this agreement to indicate
that the stereothreshold is elevated whenever the abso-
lute-disparity noise exceeds that from normal vergence
ﬂuctuations. However, we reject the additional inter-
pretation that, in the absence of external noise, stereo-
thresholds are limited by the absolute-disparity noise
that results from ﬂuctuations of vergence during ﬁxa-
tion, rather than by relative-disparity noise in the neural
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mechanisms that extract binocular image disparity. One
reason is that this latter interpretation is not consistent
with the ﬁnding that stereothresholds fail to improve
with binocular stabilization of the retinal images
(Shortess & Krauskopf, 1961). In addition, if stereo-
thresholds were limited by the absolute-disparity noise
that results from vergence ﬂuctuations, then the addition
of external absolute-disparity noise within the stimulus
should cause the curve shown in Fig. 6 to rise with an
exponent of 1.0. The obtained exponent is 0.66, which
suggests that the stereothresholds measured without
added absolute-disparity noise are limited by a diﬀerent
mechanism.
Table 1 also includes the average estimates of Ei
calculated for subjects S1 and S11 from the stereo-
thresholds and subjective estimates of vergence variabil-
ity for various ﬁxed vergence demands in experiment 1.
The average of these estimates of Ei is 1.70, which agrees
well with the values obtained when the external dis-
parity noise was introduced by disconjugate mirror
motion.
3.4. The inﬂuence of vergence variability vs. vergence
mean deviation on stereopsis
The results of our three experiments indicate that the
stereothreshold increases with an increase in the ver-
gence constant error and/or the vergence variability.
However, as indicated by the correlation of 0.71 that
was found in experiment 1, these two parameters are not
necessarily independent. Moreover, as the magnitude of
vergence variability increases, so typically does the ver-
gence mean deviation, which we deﬁne as the time-
averaged, unsigned pedestal disparity with respect to the
plane of the stereotarget. The vergence mean deviation
is analogous, but not mathematically equal to the root
mean square of the (simulated) vergence ﬂuctuations
with respect to the plane of the ﬁxation target. For ex-
ample, when disconjugate mirror motion simulates
vergence variability around a presumed average FD of
zero (e.g., in our experiments 2 and 3), the SD and the
mean deviation of the simulated vergence error are
correlated perfectly. Consequently, the results of these
experiments do not allow us to determine whether
vergence variability, the resulting eﬀective pedestal dis-
parity, or both of these components are responsible
for the elevations of stereothreshold that was ob-
served. Determining the relative inﬂuences of (simu-
lated) vergence variability and of the vergence mean
deviation on stereothresholds is the aim of the com-
panion paper (Ukwade, Bedell, & Harwerth, 2003).
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